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ANAT,YSTS OF THE DYNAMIC-LATERAT~STABIT.ITY CHARACTERISTICS OF
THE BELL X2 ATRFLANE AS AFFECTED BY VARTATIONS IN
MASS, ARRODYNAMIC, AND DIMENSTONAL PARAMETERS

By W. H. Michael, Jr., and M. J. Queljo
SUMMARY

An analysis of the dynamic—lateral—stability characterlstics of
the Bell X-2 &airplane asg affected by variations in mass, aerodynemic,
and dimensionel paramesters hes been made by means of calculatlons of
the periocd and rate of damping of the lateral oscillation. The
analysis was made for a landing configuration (flaps and gear down)
and a high-speed configuration (flaps and gear retracted) and included
speeds up to a Mach number of 0.87.

The dynamic latersl sgtability of the airplane in the landing
configuration was found to depend rather criltically on the damping in
roll, the demping in yaw, the inclination of the principal axis, and
the radius of gyration ebout the princilpal longitudinal axis. In the
high—apeed configuration the dynemic lateral stebility depended
critically on the inclination of the principal axis. The calculations
indicated dynamic lateral stablility of the airplasne for the high-speed
configuration throughout the lift-coefficlent rangs investigated, but
indicated staebllity only at 1lift coefficlents greater than gbout 0.75
for the landing configuration. The airplsne met the USAF requirements
for satisfactory period—dsmping relationship of the lateral oscil—
lation throughout the rangs of 1ift coefficients Investigated far the
high-speed configuration, but met the requirements only at 1ift
coefficients near 1.0 in the landing configuration.

Some improvemsnt of the dynamic—lateral—stebility characteristics
of the alrplane in the landing configuratlon seemsd possible by
decreasing the wing incidence, decreasing the geometric dihedral, or
increasing the vertical—tail gize. Of these three, only an increase
in tall size had any apprecigble stabilizing effect. However,
increasing the tall size also caused the stability to be slightly
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less satisfactory in the high—speed configuration relative to the
USAF criterion for satisfactory period—damping relationship of the
. lateral oscillation.

INTRODUCTION

The problem of estimating the dynamic—lateral—stebility charac—
teristics of high—speed alrcraft is extremely complex because of the
large number of Important mass and aesrodynamic peramesters involved
and the great range through which soms of the parameters mey vary .
(references 1 and 2). As a result of the complexity of the problem,
1t has been found impracticel, at least up to the present time, to
attempt to make gemeral charts or tebles from which the dynamic—lateral-
stability characteristics of any airplane might he estimated.
Therefore, it has been found expedient to calculate the lateral~
stability characterlstics of specific high-speed~eilrplans configu—
rations.

Many of the mass and aerodynasmic parameters required for such
investigations generally are not known to a high degree of accuracy;
- therefore, the guantitative resulis msy be questioneble with regard
. to the actual airplane under consideration. Arbitrary variations
of the paremeters, however, should give & reasonably relisble
indlcation of the effects of possible modificatians to the airplane
or of changes in the flight attitude.

The present investigation 1s concerned with ths Bell X~2 high—
speed research airplane (fig. 1). A similar investigation has been
reported for the Douglas D-558-2 airplane (reference 3).

SYMBOLS AND COEFFICIENTS

The symbols and coefficients used herein are defined as follows:

h altitude, feet
“ a angle of attack of airplane reference axis (fig. 2),
degrees : :

o o W, L SAS 2 DS W B
H 3 *
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B angle of sideslip, radians

7 angle of flight path to horizontal axis, positive in climb
(fig. 2), degrees .

85 gplit—flap deflection, degrees

Sn nose—flap deflection, degrees

o] mass dengity of air, slugs per cubic foot

b wing span, feet

S wing area, square feel

A aspect ratio (ba/s)

2 distance from airplane center of gravity to center of
pressure of vertical tall, feet -

4 perpendicular distance from fuselage center line to center of
pressure of vertical tail, feet

w welight of airplane, pounds

m mass of airplans, slugs

1 inclination of principal longitudinal axls of airplane with
regpect to flight path, positive when principal exis is
above flight path at the nose (fig. 2), degrees

€ angle between fuselage reference axise and principal
longitudinal axis, positive when reference axis is &bhove
principal axis at nose (fig. 2), degrees

gx radius of gyration about principsl longitudinal axis, feet

radius of gyration ebout principal normal axis, feet

dynamicxpressure, pounds per square foot (pVQ/E)
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QL 5, trim 1ift coefficient (W cos 7/q8)

Cy latersl~forcé coefficient (Lateral force/gS)

CZ rolling-moment coefficient (Rolling moment/qSh)

C, yawing-moment coefficient (Yawing moment/qSb)

v airplane veloclity, feet per second

P rolling angular velocity, radlans per second

r yawing engular veloclity, radians per secand

M Mach number (V/Local speed of sound)

T1/2 time required for lateral oscilletion to reduce to half

emplitude, seconds

time required for lateral oscillation to double amplitude,

2 seconds
C cycles required for latersl oscillation to reduce to half
- emplitude

Co cycles_requirgd for ;ateral oscillation to double amplitude

P period of lateral osclllation, seconds

LoLdy _

g 3 -
3c,
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SCOPE AND METEOD

This investigation included the calculeatlon of the dynamic —
lateral—stahility cheracteristics of the Bell X2 airplane 1n the
high—speed configuration (flaps and gear retracted) at sea level and
at an altitude of 35,000 feet, and 1n the landing and take—off configu—
rations (flaps and gear lowered). The effects on the lateral stability
of varying the parameters Cnp, CZP, cnr,-gxo’ kzo’ and n also were
investigated for a high-speed configuration and for a landing configu—
ration. In determining the effects of these parameters, Cnp, CZ 3

P

and C were varled +50 percent; k, and k; were varled
T (o] o

My

+20 percent; and 7 .was varied iéo. These variations are believed
to cover the maximum probable error in estimating the paremeters

WY L T W e e
NI N RS O, Y -__.g‘ :
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involved. In determining the effects of these parameters, one
paramster was varled at a tims. Posalble variations in the static—
lateral—agtebility parameters have not been considered since wind—
tunnel determinations of these quantities were avallable.

All ceaelculatlons were made for level—flight conditions and were
made with the use of the equations of reference 2. Power effects
were neglected as they were believed to be small. The highest Mach
number for which calculations were made was about 0.87. Compressi-—
bility effects were neglected 1n mogt of the calculations. In order
to evaluate these effects, however, additlional calculations were made
for one &irplane configuration in which all the wing and vertical—fail
derivatives were corrected for compressibility effecte. The corrections
were applied as indicated in reference L.

Comparisons of calculated and measured periods and rates of
damp*ng for other airplanes have indicated that calculatlons generally
predict period and rate of damping qulte well 1f the lateral oscil—
lation is of large amplitude, bubt show poor agreement when the oscll-—
lation is of very amall amplitude. It is belleved that smsll—emplitude
osclliations might be caused by meparation effectas; hence if such
effects occur on the airplane under congideration, the resulting rate
of damping probably will be in poor agreement with the calculated rate
of damping.

MASS AND AERODYNAMIC PARAMETERS

The mass and aerodynamic paramesters used in this Investigation
are presented in table I. The static—stability parameters CZ
B

and CnB for the complete alrplane, and the parameters CYB, CZB
and CnB for the airplane with the verticel tail off were obtained
from reference 5. The rotary derivatives GY 3 CZ s nP sz, Czr,

and Cnr for the sirplane without the vertical tail.were egtimated
with the aid of references 6, T, and 8. The vertical—tail contri—
butions to the rotary derivatives were egtimated by the use of
equations similer to those of reference 9.

v e S WCNY SO W A A Y. s §
WAt e 1 - 13 /8 I Y 1 1/
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All mass parameters used in thisg investigation were obtained from

reference 10.

RESULTS AND DISCUSSION

Pregentation of Results

The results of thilis Investligation are presented in two groups,
one for the airplane with flaps and landing gear retracted (high-—
speed configuration) and the other for the airplane with flaps and
landing gear extended (landing or take—off configuration).

In the first group (high—speed configuration) are shown:

(2) The veriation of period and rate of damping of the lateral
oscillation with 1ift coefficlent for a wing loading of 79.% pounds
per square foot and for altitudes of 35,000 feet, and sea level

(fig. 3)

(b) Comparison of the period and demping characteristice of the
lateral oscillation with the USAF criterion for satisfactory periocd—
damping relationship (fig. %)

(c) Effect on the period and damping of the lateral oscilletion

of varying the parameters C C C k, and 71 (fig. 5)
zp’ np’ DI" %O-J Zo’ .

(d) Calculated effects of compressibility an the period and
demping characteristics of the lateral oscillation (figs. 6 and T)

In the second group of figures (for the landing or taks—off
configuration, sea—level flight)} are shown:

(a) The veriation of the period and damping of the lateral
oscillation with 1ift coefficlent for wing loadings of 33.3 and T79.Lk
pounds per squere foot (fig. 8)

(b) Comparison of the calculated period and damping charac—
teristice of the laterel oscillation with the USAF criterion for
gatisfactory period—damping relationship for wing loadings of 33.3
and '79.4 pounds per square foot (fig. 9)
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(c) Effect on the period and damping of the lateral oscillation
of varying the parameters CZP, CDP’ Gnr, kio, kzo, and 17 (fig. 10)

The rate of demping of the spiral and rolling modes of motlion
was calculated; however, the resulis are not presented in any of the
figures. The pertinent resulte cobtained for the lateral oscillation
end the spiral and rolling modes are presented in teble II.

In sddition to the above, calculations were made to determine the
effects of several assumed dimensional modifications” to the airplane.
The camputed period and damping charecteristics of the alrplane with
agsumed changes ln wing incidence, geometric-dihedral, and tail area
are ghown in figure 11 for the landing configuration. The effect of
Increese in vertical—tall slze on the period and damping characteristics
for the airplane in the landing, take—off, and high—speed confilgurations
is shown in figure 12.

Airplane with Flaps and Gear Retracted

Sea—level flight.— The calculated perlod and rate of damping of
the lateral osciliation of the XL alrplane flying at sea level with
a wing loading of T9.4 pounda per square foot (corresponding to the
alrplane with almost a full fuel load) are shown by the solid lines
of figure 3 as functions of the 1ift coefficlent. It is seen that
the lateral oscillation is heavily damped, requlring less than one
cycle to damp to half amplitude. The present USAF criterion for
gatisfactory damping of the lateral oscilistion 1s that the time
required to damp to half amplitude must be less than 1.5 seconds 1f
the period is between O and 2 seconds, and for perlods greater than
2 geconds the osclllatlon mugt damp to half amplitude in less than
2.5P minus 3.5 seconds (reference 1l). A graphical representation of
this criterion is shown in figure 4. Alsoc shown in figure L are
geveral symbols representing the calculated beriocd and demping of the
lateral oscillation of the X2 airplane at various 1ift coefficients.
Tt can be seen that far sea—level flight the airplane meets the USAF
criterion throughout the lift-coefficlent range investigated.

According to the USAF criterion for the spiral mode, spiral
stablility is not required, but the allowable rate of divergence of the
splral mode must not be so great that the spiral motlon will double
amplitude in less than 4 seconds. It can be meen from teble IT that
the airplane meets this requirement.

Effects of altitude.— The calculated period and demping of the
lateral oscillation of the alrplane flying at 35,000 feet altitude
with a wing loading of 79.% pounds per square foot are shown in
figure 3 as functions of the 1ift coefficlent. The lateral
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oscllliation is heavily damped for the range of 1ift coefficlients
investigated and meets the USAF requirement for lift coefficients
greater than about 0.35 (fig. 4). The spiral mode also meets the

USAF requirement (table IT). An increase in altitude caused a decrease
in damping of the lateral osciilation (fig. 3); however, the decrease
does not appear to be important for this particular configuration.

Effects of varliatlions of asrodynamic and mass paremeters.— The
calculated effectes on the periocd and damping of the lateral oscil—
lation obtained by varying the pearameters CZP’ Cnp’ Cnr, kio’ kzo,
and 1 are shown In figure 5. The calculations were made for the
airplane flylng at an altitude of 35,000 feet at a 1ift coefficlent
of 0.316 (M =-0.85) and a wing loading of 79.4t pounds per square foot.
Also shown on the semes flgure are the changes in the oscillatory
gtability reletive to the USAF criterion. The results indicate that

only the variation of kﬁo had any apprecieble effect on the period

and thet the rate of damping (as indicated by Tl/e) was increased by
making Cnp or 7 more positive, by making cnr
making kxo smaller, or by making kio gmaller. Making CZP mare
negative had little effect on 11/2? buﬁ making 1t less negative

decreaged the rate of damping.

more negative, by

In each instance (except for the case of 'kio) for which

variation of a parameter caused a reduction in Tl/z’ the airplane

ogclllatory stability improved wilith reference to the USAF criterion.
The reduction in Tl/z’ resulting from a decreased value of ki s Was
' o

acccmpenied by a relatively largs reduction in period, sc that the
airplene osclllatory stabllity changed in an unfavorable manner
according to the USAF criterion. o

It should be noted that duvring these calculations each parameter
was varied separately. The effecte to be expected fram the simil-
taneous. variation of two or more parameters generally are not equal
to the sum of the individual effects.

Effect of applying compresslblilifty corrections to the asrodynamlc
derivatives.— None of the aserodynamic derivatives used in the calcu-—
lations which have been discussed thus far were corrected for compressi—
bility effects. In order to evaluate these effects, one set of calcu—
lations was mede in which the period end rate of damping were calcu—
lated, with the wing and vertical—tail contributions to the stability
derivatives corrected for the effects of compressibility as indicated

CEENTre At
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in reference 4. The effects of applying compressibility corrections
are shown in figure 6. The ailrplane was assumed to be flying at an
altitude of 35,000 feet with & wing loading of 79.%4 pounds per square
foot. It is seen that the application of compresslbility corrections
resulted in a decrease in the period and a decrease in the rate of
damping of the latersl oscllliatlon. The curves of figure T show that
when compreesibility corrections are applied;, safisfactary oscill—
latory stabllity characteristics, with reference to the USAF criterion,
are indicated at 1ift coefficients greater than about 0.45. The
neglect of ccmpressibility corrections, therefore, results in optimistic
egtimates of the airplane characteristics, but does not seem particu—
larly important for thls airplane.

Airplane with Flaps and Gear Lowered

Sea—level Fflight.— The calculated period and demping charac—
teristics of the lateral oscillafion of the X2 alrplane flylng at gea
level with a wing loading of 33.3 pounds per equare foot (carresponding
to the asirplans with most of ite fuel exhausted) are shown by the solid
curves of figure 8. The resulta of the calculations indicate that the
airplane has osclllatory staebility only at 1lift coefficients greater
than about 0.75; however, even then the oscillation is poorly damped,
go that the alrplane meets the USAF criterlon for matisfactory period-—
demping relstionship only at 1ift coefficients near 1.0 (fig. 9).

Effects of wing loading.— The effects on the period and rate of
damping of the lateral oscillatlon of increasing the wing loading from
33.3 pounds per squére foot to T9.4 pounds per square foot are ghown in
figures 8 and 9 for sea—level flight with flaps and gear lowered. The
results gonerally show a decrease in period and an incresse in the rate
of demping, &t 1lift coefficients greater than about 0.6, as the wing
loading 1les increased. It sghould bes noted that the radii of
gyration Exo and kio were decreased when the wing loadling was

increased (see table I), hence the changes in P and Tl/2 might

well have been caused primarily by these changes rather than wing

loading. This is substantiated to some extent by noting that the sum

of the changss in P or Tl/2 caused by changing Ex and kz by
] o

the amounts shown in table I is about the sams as the changes in P
and Ty/p shown in figure 8 (at ¢, = 1.0).

The airplane appears to be satisfactorily stable at 1ift
coefficients greater than about 0 8 with a wing loading of 79.4 pounds
per gquare foot.
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Effects of variatlons in aerodynamic and mass paramsters.— The
calculated changes in the perlod and rate of damping obtained by
veriation of the paramsters CZP, Cnp, Cnr, kxo, kzo, and 1 are

shown in figure 10 for the airplans flying at sea level at a 1ift
coefficient of 1.0 and a wing loading of 33.3 pounds per square foot.
The agsumed variations in the derivatives caused only small changes in
the period of the lateral oscillation, but generally caused appreclable
changes in the rate of demping. The time required for the lateral
oscillation to reduce to half amplitude was decreased by making CZP

aor Cnr more .negative, by making CnP or 1 more positive, or by

meking ]& or kz smaller. In each instance (except possibly
(o} o _

variations of kzo) for which the variation of a parameter caused a

reduction in Ty /2, the airplane oscilillatory stability was Improved
wlth reference to the USAF criterion. The reduction in Ty /2,
resulting from a decreased value of __]_:zo, wag accompanied by a decresase

in period, so that the alrplane oaclllatory characteristics showed no
appreciable change relative to the USAF criterion.

Effects of Assumed Modifications to Airplane

The results of thils investligation have indlicsted that the
Z—2 airplans has tindesirable dynamlc—lateral-sitabllity character—
istics with flaps and gear extended, and that, at high 1ift coef—
flclents, the stabllity decreasses as the wing loading ls decreased
(figs. 8 and 9). The calculations which were made by varying certain
parameters (fig. 10) indicated that the oscillatary stability might
be improved, at leagt at a 1ift. coefficient of 1.0, by msking C'l, more

P )
negative, by meking 1 more posltive, by making Cnr more negative,
or by making k'xo smaller. It is also known that dynemic lateral

stability generally can be Ilmproved by increasing the vertical—tail
gize and a reduction in geometric dlhedral. Thus it appesrs that such
changes as decreasing the wing incidence (effectively increasing 1),
increasing the vertical—tail area (effectively increasing Cnr

negatively and an positively), ar varying the geometric dihedral

angle might improve the dynamlic lateral stebility. Calculations were
made for the following assumed modifications:

<O
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(2) Decrease of wing incidence by 2°
(b) Decrease in geometric dihedral from 3° to 0°

(¢) Increase in vertical-tail area (tail height increased until
the tip chord was zero)

In making these calculations, one modificatlion was sssumed at a time.
The results are shown in figure 11, Tt can be seen that decreasing
the dihedral angle or the wilng incidence caused no apprecisble change
in the period of the lsteral osclllatlon, but did increase the rete of
demping. These changes caused only a amall improvement in the oscil—
latory stablility relative to the USAF criterion. TIncreasing the
vertical—tail ares, however, caused a marked lncrease in the rate of
dampling of the lateral osclillation, especielly at 1lift coefficlents
less than about 0.8; however, the period also was decreased. The net
result was that although the added taill area improved the airplane
gtability 1t still wes not satisfactory (relative to the USAF
criterion) at lift coefficlents less than about 0.7. It appears,
howsver, that an increase in vertical—fail size would be beneficlal
to the lateral dynamic stablility of the airplane in the landing
configuration.

It should be noted that the effect of the incrsased vertical=tail
'size on the tail contributioms to the various aerodynamic derivatives
was based on the calculated value of the lift—curve slope of the
vertical tall. The lift—curve slope was obtained from theoretical
values based on the agpect ratio and sweep of the tail. Several
experimental investigations have indicated that the theory used
predicts values of the lift—curve slope which are too high, hence
the improvement to be expected from the assumed tail modification
probably would be less than indicated in figure 11. However, the
figure does indicate proper trends.

Since the increase in vertical-tail area was beneficial for the

landing configuration, calculations were made to determine the effects
of the added tall area on the high-gpeed configuration and on the talke—
off configuration. The resulis indlicated that an increese in vertical—
tail area would cause a slight decreass in ths dynamic lateral ste—
bility of the airplene with a wing loading of 79.k pounds per sguare
foot at an altitude of 35,000 feet and would cause a small improvement
in the stability for 11ft coefficlents greater than about 0.7 for ths

Amegnie
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take—off comfiguretion (flaps and gear down, wing loading of 79.% pounds
per square foot), judging only by the USAF criterion. The period

and demping characteristice for a landling, take—off, and hilgh-—speed
condition for the alrplsne with the added vertical—tail area are
campared with the present USAF criterion for sa‘bisfactory period—
damping relationship in figure 12.

Although the airplane with the assumed added tall area does not
meet the USAF criterion at gll 1ift coefficlents for any of the assumed
conditions (lending, take—off, high—speed flight), definitely undesirable
characterigtice are indjcated only for the take—off or high wing—
loading condition — and. then only at 1ift coefficlents smaller than
about 0.6. | :

' CONCLUSIONS

Calculations have been mede to determine the effects of various
mess, aerodynamic, and dimensional parameters on the dynamic—lateral-—
stability characterigtics of the Bell X2 alrplane at Mach numbersa
up to 0.87. The resulta of the calculations have led to the following
conclusions:

1. The dynamic lateral stablility of the airplane in the landing
configuration was found to depend rather critically on the damping in
roll, the damping in yaw, the inclination of the principal axls, and
the radius of gyration about the principal longitudinal axis. The
dynamic lateral stebllity for the alrplane in the high—speed configu—
ration was found to depend rather critically on the inclination of the
principal axis. Conslderation of the effects of compressibility for
speeds up to a Mach number of 0.87 was found to be relatively
unimportant for this sirplane.

2. The cédlculatlons indicated dynamic lateral stebility of the
airplane for the high-speed configuration (flaps and gear up)
throughout the lift—coefficient rangs lnvestlgated, but indicated
dynemic lateral stability only et 1lift coefficients greater than about
0.75 for the landing configuration.

3. The airplane met the USAF requirements for satisfactory period—

demping relationship of the lateral oscillatlon throughout the range of
1ift coefficients investigated for the high—speed configuration, but



met the requirements only at 1ift coefficlents near 1.0 in the landing
. configuration. '

4. The calculations indicated dymamlic lateral instability of the
alrplane in the landing configuration over & range of lift coefficients
from 0.4 to 0.75. Some Improvement seemed possible by decreasing the
wing incidence, decreasing the geametric dihedral, or lncreasing the
vertical—~tail slze. Of these three, only an increase in tall size had
any appreciable gtabilizing effect. However, an increase in tall area
had a small unfavorable effect 1n the high—epeed configuration,
relative to the UBAF criterion for satiafactory characteristica of the
lateral oscillation.
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TAHIE I.— ASSUHED BASID HPARILITY IERIVATIVES AND MASE CHARACTERTSTICH OF THE I-© ATRPLANE
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Figure l.— Bell X—2 high-apeed research airplane.
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Figure 2.— Angular relatlonships In flight. Arrows Indicate posltive
direction of angles.
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Figure 3.— Calculeted effects of altltude on the period and damplng charsc—
teristics. Flaps and gear retracted. g = 79.%.
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Figure 6.— Calculated effects of compressibility on the period and
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Figure T.— Comparison of compressibility effects on the period and
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ments. Flaps and gear retracted; ;i = 79.k; h = 35,000 feet.
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ABSTRACT

Contains results of calculations to show the effects of various
mags and aerodynamic parameters on the dynemic lateral stability of
the Bell X—2 airplane in the landing configurstion and in the high—
speed configuration at Mach numbers below 0.87. Calculations included
determination of the periocd and rate of damping of the lateral oscll—
lation, and the results are compered with thé USAF criterion for
gatisfactory period—damping relationship.







